Abstract Eichrom's Pb resin, a crown-ether-based extraction chromatography resin, was characterized for separation of the flerovium (Fl) homologs, Pb and Sn. Batch uptake of Pb(II) and Sn(IV) radionuclides was determined from an HNO 3 matrix. Pb(II) was strongly retained on the resin at all HNO 3 concentrations, while Sn(IV) showed no uptake. Extraction kinetics for Pb(II) were examined and show suitable uptake on the second time scale. Separation methods for the isolation of individual homologs, Pb(II) and Sn(IV), have been established using 2 mL pre-packed vacuum flow Pb resin columns.
Introduction
As discussed in Ref. [1] , ''Characterization of the homologs of flerovium with crown ether based extraction chromatography resins: studies in hydrochloric acid,'' crown ethers are being investigated as potential selective extractants for the study of Fl. Previous work indicated that from a hydrochloric acid matrix it was possible to separate with high efficiency the homologs of Fl, Pb and Sn, from each other using the Eichrom Pb resin; however, the kinetics of this extraction were slightly slower than desirable for an on-line Fl study (order of minutes). Since the half-life of the longest lived Fl isotope, 289 Fl, is on order of a few seconds (t 1=2 ¼ 1:9 þ0:7 À0:4 s [2]) a push to faster kinetics is needed.
Reports have shown that 4 0 ,4 00 (5 00 )-di-tert-butyldicyclohexano-18-crown-6 (DtBuC18C6, the Eichrom Pb resin extractant) exhibits an even stronger affinity for Pb from HNO 3 than from HCl, though no kinetic data or data on potential Sn extractions exist [1, 3] . It was hypothesised that along with the increased affinity the kinetics of extraction from a HNO 3 matrix may also increase, and therefore, be a better system for a potential Fl chemical study.
As in the previous study [1] , batch experiments were performed to determine the extraction efficiency of the Pb resin for Pb and Sn in their most stable oxidation state in solution (?2 and ?4, respectively [4] [5] [6] ) from HNO 3 . Extraction kinetics were also investigated, and a column separation scheme was developed and compared to the results presented in previous work [1] . The primary focus of this work was to determine if a system based on HNO 3 instead of HCl would be more favorable (increased kinetics and separation potential) for a future Fl chemistry experiment. The work presented is a comparison of extraction behavior in HNO 3 matrices as compared to work previously published in HCl matrices [1] .
Experimental Reagents and materials
As in the previous publication [1] , the Pb resin (50-100 lm, 40 % w:w, Eichrom Industries, Inc.) was & John D. Despotopulos despotopulos1@llnl.gov used for both batch and column studies [3, 4] . Acids were prepared from trace-metal grade acids and de-ionized water (18 MX cm). The tracer solutions of 212 Pb and 113 Sn were prepared with activity concentrations ranging from 2 to 10 cps per 100 lL in 2.0 M HNO 3 . The
113
Sn and 212 Pb tracers were obtained as described in previous work [1, [7] [8] [9] .
Activity measurements
Activity measurements were performed in the same manner and on the same high purity germanium (HPGe) gamma-ray spectrometer coupled with a multi-channel analyzer (DSPEC, Ortec) as in the previous work [1] . Spectral files were analyzed with Maestro spectral software (Ortec). The spectral lines with the highest relative yield were chosen for determining the activity of the radionuclides (Table 1) [10].
All post-extraction 113 Sn counting was performed 24 h after the conclusion of each experiment to allow the 113 In daughter (from which the activity is derived) to reach secular equilibrium.
Batch uptake experiments
Uptake parameters for Pb(II) and Sn(IV) on Pb resin in HNO 3 solutions were determined by batch extraction experiments, following the same general procedure as described in [1] . To a 1.5 mL centrifuge vial, 10-20 mg Pb resin were added along with 1 mL of HNO 3 ranging in concentration from 0.001 M to concentrated. The resin was placed on a rotary mixer for 1 h to precondition the resin. A 100 lL spike containing either 212 Pb (eluted from the generator with 2.0 M HCl, then converted to nitrate form by evaporation and reconstitution two times into 2.0 M HNO 3 ) or 113 Sn in 2.0 M HNO 3 was added to the wet resin. The solutions were equilibrated for 3 h on a rotary mixer then each sample was counted with an HPGe detector for 300 s (C1000 counts under the desired photo-peak). Each sample was then filtered through a 0.45 lm polytetrafluoroethylene (PTFE) filter to completely separate the resin from the solution. For the 212 Pb experiment the filtered solution was directly counted on the same HPGe for long enough to obtain sufficient counting statistics (C600 counts) without taking an aliquot. Therefore, the backend counts may have up to 10 % solution loss due to the filter, which adds a slightly larger error to the final results; however, due to the fact the extraction of Pb onto the Pb resin was very large, the effect from solution loss was insignificant. This procedure was modified for the 113 Sn experiment due to the fact solution loss resulted in much greater errors when the analyte exhibited nearly zero uptake. In the 113 Sn experiment a 700 lL aliquot of each filtered solution was added to 400 lL of de-ionized water in a 1.5 mL centrifuge vial (to maintain initial counting geometry) and counted for 300 s on the same HPGe detector used in initial counts. Reported errors for the Pb experiment are from counting statistics as this was only performed once; for the Sn experiment, the errors are from the SD of three replicates. The Pb resin capacity factor (k 0 ), or the number of free column volumes to peak maximum, can be inferred from the batch extraction distribution ratio using the method described in the references [3, 11] .
Uptake kinetics
Using the procedure described in [1] , the uptake kinetics were studied only for 212 Pb as 113 Sn showed no uptake. The HNO 3 concentration at which the maximum 212 Pb(II) uptake (1 M HNO 3 ) occurred in the batch experiments was the concentration chosen for the kinetics study. A stock 212 Pb solution was prepared for this experiment in the same method as described for the batch study above except in 1.0 M HNO 3 . The standards were prepared by placing 1 mL of 1 M HNO 3 in a 1.5 mL centrifuge tube and adding 100 lL of a stock radionuclide solution. The standards were made in triplicate and counted with a HPGe detector for 120 s. The preconditioned samples were prepared (in triplicate) by adding 1 mL of 1.0 M HNO 3 to a 1.5 mL centrifuge vial containing 10-20 mg Pb resin and placing on a rotary mixer for 1 h. A 100 lL spike of 212 Pb(II) from the stock solution was added to the samples, and each sample was mixed for a specific time interval before quickly filtering to isolate the solution from the resin. A 700 lL spike of each filtered solution was added to 400 lL of de-ionized water (to maintain original counting geometry from the standards) and the samples were counted with an HPGe detector for 120-300 s.
Column experiments
The column extraction of a mixed solution containing 212 Pb(II) and 113 Sn(IV) was performed in generally the same manner as in [1] with pre-packed 2 mL cartridges containing dry Pb resin. Aliquots of each tracer were combined and evaporated to dryness in a warm water bath with a forced air stream, then reconstituted in 1 mL of 1 M HNO 3 . The sample activity was determined by HPGe counting. For the extraction experiments, a 24-hole Sn(IV) and 8 for 212 Pb(II)) was 1 mL. Care was taken to stop the column flow just as liquid was about to reach the top-frit so the column never ran dry and each elution fraction was a consistent 1 mL. Fractions were counted on a HPGe.
Results and discussion

Batch experiments
The effects of HNO 3 concentration on the uptake of Pb(II) and Sn(IV) by the Pb resin are shown in Fig. 1 .
Consistent with literature, Pb shows a very strong affinity for the resin for the entire range of concentrations tested and still has a k 0 of 39.4 ± 1.5 at concentrated HNO 3 [3] . The uptake from HNO 3 is about an order of magnitude higher than with HCl, owing to increased stability of the extracted complex (Pb 2? in the DtBuC18C6 cavity with charge balanced by two NO À 3 ions). In HNO 3 Sn most likely forms hydrated SnO 2 or stannic/stannous [Sn(IV/ Sn(II)] nitrates which will eventually convert to the hydrated oxide; this would result in a neutral complex or a suspension (if the insoluble metastannic SnO 2 formed) [5, 12] which, due to the size of the Sn(IV) cation, is too small to fit into the crown cavity and does not extract. Due to the fact that this is a neutral species, the analogous ionexchange complex with the crown ether that occurs in an HCl system (SnCl 
Kinetic study
Batch study data presented in Fig. 1 indicates that Pb and Sn may be separated from an HNO 3 matrix. Due to the fact Sn does not extract, kinetic studies were not performed on Sn(IV); however, kinetic studies were performed to see if Pb(II) has suitable kinetics for a future Fl experiment. The kinetics of Pb on the resin at 1 M HNO 3 (near peak extraction) were investigated, Fig. 2 .
The sorption of Pb(II) was extremely fast with k 0 values of [400 achieved in 30 s or less. This result shows a far faster and stronger uptake than that observed for Pb 2? in HCl media [1] . This indicates that the Pb(NO 3 ) 2 complex forms faster and extracts more rapidly than the analogous chloride species most likely due to higher stability with DtBuC18C6. Similar to the HCl system, full equilibrium is reached within 5 min. Large errors in the longer equilibration times are due to poor backend counting statistics due to the large k 0 values. Results indicate that it is possible to extract Pb with the Pb resin from HNO 3 on the second time scale, a property required for a Fl experiment. 
Column study
Column experiments were performed to determine if a stepwise extraction of Pb(II) and Sn(IV) was possible starting from an HNO 3 matrix. Due to the fact Sn does not extract on the Pb resin from any HNO 3 concentration, a load solution of 1 M HNO 3 was chosen due to the strong retention of Pb. The Sn was eluted by continuing to take 1 M HNO 3 fractions before switching to 8 M HCl to elute Pb, Fig. 3 .
As expected, Sn(IV) passed through the column without extraction in the 1 M HNO 3 load and elution fractions. Changing to 8 M HCl, the same concentration used to elute Pb(II) chosen for elution of Pb(II) in Ref. [1] , yielded complete elution of the Pb(II). Due to the fact that even at concentrated HNO 3 Pb has a significant k 0 , elution of Pb from an HNO 3 matrix was not possible.
Conclusions
The extraction behavior of the Fl direct homologs Pb and Sn from an HNO 3 matrix with the Eichrom Pb resin was investigated. In agreement with previously reported data, the batch results show Pb(II) has strong uptake over the entire range of HNO 3 concentrations, about an order of magnitude higher than in an HCl system [1, 3] . The extracted Pb species is most likely the Pb 2? ion in the crown ether cavity, with the charge balanced by NO À 3 counterions, similar but presumably more stable than in a hydrochloric acid system [1] . In HNO 3 , Sn(IV) more than likely exists as hydrated SnO 2 or stannic/stannous nitrates which eventually convert to the hydrated oxides, neutral species, which due to the small ionic radius of Sn cannot be extracted by the crown ether. Given the fact the Sn extraction in HCl has been shown to be most likely due to an ion-exchange type extraction with a cationic crown ether species, in HNO 3 the lack of extraction can be attributed to the lack of an anionic Sn species [1, 5, 12] .
Kinetic study results indicate that the uptake kinetics for Pb(II) from an HNO 3 matrix on the Pb resin are slightly faster than from an HCl system, but the initial uptake is much stronger [1] . In the second time scale of a Fl experiment, the kinetic study indicated Pb would not be at full equilibrium; however, sufficient extraction (k 0 for Pb(II) [ 400 within a few seconds) would be achieved to reach an equilibrium-like state where behavior of Pb can be examined on the second time scale. It is possible to separate Pb and Sn on the second time scale from an HNO 3 matrix.
The column studies established a separation scheme to isolate pure Pb(II) and Sn(IV) fractions from the Pb resin starting from a HNO 3 matrix. The column experiments confirmed the results from batch studies and provide evidence than the Pb resin is suitable for the separation of Pb(II) from Sn(IV).
Before an on-line Fl experiment could be performed, further experiments are necessary to determine the maximum rate at which the extraction can be carried out while maintaining the same level of separation. From the results presented an experiment could be designed to determine whether Fl is similar to Pb(II). A column experiment which was run on-line with 1 M HNO 3 for a set duration then switched to 8 M HCl for a set duration would be able to determine if Fl behaved more like Pb(II) or Sn(IV). If a Fl atom was observed in the 1 M HNO 3 fractions it would be more similar to Sn(IV) than Pb(II). If a Fl atom was observed in the 8 M HCl fractions it would be more similar to Pb(II). These proposed experiments assume that an automated chemistry system can perform these separations and prepare dried a-spectroscopy samples for Fl detection at the time scales required. 
